This paper is aimed at investigation of the pre-breakdown conduction characteristics of insulating liquids. Two mineral oils and a synthetic ester fluid were used in the tests. The current-voltage characteristics have been measured in the point-plane electrode configuration, the needle electrode was stressed with positive and negative DC voltage. The current voltage characteristics demonstrated non-linear behavior over a large range of voltages, this current behavior could be attributed to the space-charge saturation regime of conduction in insulating liquids. DC breakdown voltages have been monitored and registered. It has been shown that MIDEL 7131 synthetic ester has a lower breakdown strength as compared with the tested mineral oils. Also it has been shown that positive breakdown voltage is lower than the negative breakdown voltage for the insulating liquids used in this study.
I. INTRODUCTION
This study is focused on analysis of the pre-breakdown currents in presently available insulating liquids. The dielectric liquids which have been used in the present study are: transformer oil (Grosvenor Oil Service), Diala D insulating oil (Shell Ltd) and Midel 7131 synthetic ester liquid (Midel Ltd).
This choice is determined by widespread use of the transformer oil and the Diala D oil in power applications and pulsed power systems. Midel 7131 liquid is a relatively new dielectric fluid which is beginning to be used as a low-toxicity alternative to the mineral insulating oils.
Diala D oil is a commercially available insulating oil which is used as a transformer insulating liquid. It is a blend of highly refined mineral oils and an aromatic extract from a distillate. Midel 7131 is a synthetic ester based insulating fluid which is used mostly in transformers and other electrical equipment. Midel 7131 has excellent fire resistance properties and is classified as a non-toxic fluid [ In order to analyse the breakdown behavior of the dielectric liquids, an analytical analysis of the development of pre-breakdown gas bubbles in the dielectric liquids has been conducted and the results of this work has been published [5] . This analysis is based on electrostatic theory and considers the formation of pre-breakdown microcavities in the non-conductive liquid stressed with a high electric field. The application of a sufficiently high voltage pulse to a sharp (point) electrode immersed in the dielectric liquid may result in the formation of a critical size vapourfilled cavity on the electrode tip. This cavity will grow and may be considered as an initial stage in the dielectric breakdown of the insulating liquid. It is assumed that this critically sized cavity (bubble) on the electrode tip appears due to small density fluctuations existing in the fluid. These fluctuations are short-lived in the liquid which is in the state prior to its boiling point and they disappear without any changes in the thermodynamic state of the liquid. At room temperature the probability of the spontaneous development of the critical size bubbles in insulating oil is negligibly small, however the application of the external electric field changes this situation. The external electric field promotes the formation of the bubbles through the change in the thermo-dynamical properties of the liquid and its phase equilibrium conditions.
According to the analytical model given in paper [6], the Midel 7131 liquid has lower magnitude of the critical electric field which is required to generate the gas bubbles and the smaller critical radius of the electrically stimulated gas bubbles as compared with the Diala oil. This difference means that the dielectric breakdown strength of the Midel 7131 liquid should be lower than the breakdown strength of the Diala oil and this statement is in agreement with the experimental results.
II. EXPERIMENTAL ARRANGEMENT
The experimental set-up consists of a test cell with a point-plane electrode geometry, two DC high voltage sources and current and voltage diagnostic devices. Positive and negative DC Glassman power supplies were used to stress the needle with the high voltage potential. The DC voltage was measured using 1:1000, "TES TEC" 40 kV high voltage probe which was connected to a Fluke 175 digital multimeter. A protection resistor was used in the circuit in order to limit the current in the plasma spark channel after complete electrical breakdown. The voltage was stepped up from zero to 32 kV (maximum) in 0.5 kV steps from 0 to 5 kV, and 1 kV steps from 5 kV to 32 kV. On some occasions the electrical breakdown occurred at voltages lower that 32 kV (maximum applied voltage), and in such case I-V curves were monitored up to the breakdown point. In the low voltage range (up to 5 kV) the pre-breakdown currents were measured using the Keithley 6514 electrometer. When higher voltages (from 5 kV to 32 kV) were applied a current sense amplifier with a current viewing resistor was used. The output voltage signals from the amplifier were monitored by the Tektronix TDS 3032B digitising oscilloscope. The current viewing resistor (1 kOhm) allowed the conduction current to be measured up to the breakdown point and the breakdown voltage to be identified using a custom built low noise current sense amplifier. The test cell was made of a Perspex tube with internal diameter of 100 mm. A highly non-uniform field is created using a needle HV electrode and a plane ground electrode. An ordinary steel needle was sharpened and analysed under an optical microscope in order to evaluate its tip profile and radius. A feeler gauge with a thickness of 25.4 micrometers was used as a reference. It was established that the radius of curvature of the needle tip was 14 micrometers. The ground electrode was a polished steel disc and had a diameter of 25 mm. The gap between the tip of the needle and the plane electrode was 5 mm in all tests. The oil test cell was located in an aluminum Faraday cage in order to minimise electromagnetic interference and the noise level in the current signals. 
III. PRE-BREAKDOWN CONDUCTION CURRENTS IN INSULATING LIQUIDS
Current-volt (I-V) curves were measured for the transformer oil (Grosvenor Oil Service), the Diala D insulating oil and the Midel 7131 synthetic ester liquid. The oil samples were de-gassed for a few hours using a rotary vacuum pump prior to the tests. The same needle was used in all tests. The current measurements were conducted a minimum of three times, and an average value of the current and its standard deviation have been calculated. The results of these measurements are shown in Figures 2-4 . The conduction current for the negatively stressed (cathode) needle is generally higher than that for the anode (positively stressed) needle. Also, it has been observed that the anode breakdown voltage is lower than the cathode breakdown voltage. Although this study was not focused on detailed measurements of the DC breakdown characteristics, the breakdown voltages have been registered for the occasions when the electrical integrity of the liquids has been broken. The values of the positive and negative breakdown voltages (if observed) are given in Table 1 . Experiments show a clear difference in dielectric behavior of the mineral oils and the ester fluid. For the positively stressed needle electrode the breakdown voltages for all three liquids are in the range between 18-20 kV, the difference between the breakdown voltages for the MIDEL 7131 fluid and the mineral oils is relatively small. However, this situation changes for the negatively stressed needle. Mineral transformer oils (Grosvenor Oil Services and Diala D) were able to withstand negative voltages up to 35 kV without breakdown. In contrast, the electric breakdown in the Midel 7131 ester liquid was observed at 32 kV for negatively stressed needle electrode. The difference between positive and negative breakdown voltages could be potentially attributed to the different type of conduction in the case of negatively and positively stressed electrodes. If negative potential is applied to the sharp electrode, electrons are emitted from the cathode resulting in the development of the space charge in the liquid. The space-charge saturated current leads to redistribution of the electric field in the inter-electrode gap and to screening of the cathode potential. Higher applied voltages are required to achieve the breakdown in the liquid. In the case of the positively stressed needle electrode, the space charge screening is not so effective and lower voltage may cause the electric breakdown of the liquid. Figures 2-4 show current-volt curves for the insulating liquids. These graphs show that anode currents in the transformer oil and the Midel 7131 liquid are lower that the cathode currents. In the case of the Diala D liquid the anode current is higher then the cathode current for low voltages (up to 12 kV) and lower then the cathode current for voltages above 12 kV.
